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Scmiconducting iridium silicidcs were
synthesized and thcrmoclcctric  propcrlics
idcntiticd. lrSi indicated low rcsistivity and
typical metallic Sccbcck  was obtained. The
lr3Sif compound showed doping effects with the
addit;on  of osmium (p-type) and platinum (n-
typc),  but that represented Iittlc influcncc in the
figure of merit. Attcrnpts  to dope the compound
lrSi3 with platinum were not successful, but the
fi.gurc of merit was slightly higher in comparison
with lr3Si$.  A band gap of Eg=l .2.+ 0.2cV was
cstimat~d  for the compound 1r3Si5.  Estimates of
power factor values around S.2 pW/cn~-K and
dimensionless fi,gurc  of merit Z“I’ values up to
0.1 were dctcrmincd. Comparison with
standard SiGc alloy and thcrmoclcctric
properties of each material will bc dcscr-ibcd.

]n continuation of our Cfl’ol-[s to study ancl
characterize the thcmoclectric  propcrlics of
transition metal silicidcs for space power
applications wc dccidcd to prepare good quality
samp]cs a n d  invcsti~alc  (ioping  proccdurc  o f
il-idiun] silicidcs. “J’hesc compounds, duc to the
hi~h atomic mass of iridium, were cxpcctcd  to
have low tbcrmal  conductivity.

1,ittlc  previous wol-k has been done describing
the electrical propcr[ics  of these materials,
probably duc to the fact that the phase diagram
was not available and the difficulty to grow these
compounds. Only White and I Iockings (1971)
were able to rncasurc roorn-tcmpcraturc
rcsistivity  and at 773 K of polycrystallinc  IrSi3
samples, Rcccntly  the phase diagram and the
electrical behavior of the silicon-rich side in the
iridium-silicon systcm have been dctcrmincd
(Allcvato,  1992,). Growth  conditions and
scmiconduct  ing behavior have also been
identified.

l~or lrSi the rcsistivity  was low and showed
almost n o  dcpcndcnce
although scmiconducting

with t cmpcrat urc,
behavior has been

reported in the Iitcraturc (Shepherd, 1988).
Two other silicon rich compounds Ir4Si5  and
Ir3Si4 exhibit rcsistivitics which arc small and
incrcasc  with tcmpcraturc, characteristic of
metals. The rcsistivity  of two compounds Ir3Si5
and lrSi3 suggested scmiconducting  behavior
a n d  w e r e  dctcrmincd to form by pcritcctic
reaction, which required growth from the melt
by JIridgman  method using compositions slightly
silicon-rich, 1 iowcvcr t h e  thcrmoclcctric
properties of the iridium silicidcs were still
u ndctcrmincd.

lrSi, lr3Si5,  and IrSi3 therefore each exhibit
some cvidcncc  of scrniconducting  behavior. The
present study was performed in order to
dctcrminc  if any of these compounds might bc of
inlcrcst for thcrrnoclcctric  applications. l’hc
possibility to ciopc  such materials and the fact
that these mater-ials arc classified as high
tcmpcratur”c  [ cfractory semi conductor-s were the
main thrmst of this study,

lCxpct4inlcntal  l)ctails

Wc used iridium powder  (Johnson-Matthcy,
99 95°/0) and silicon lump (99.99950/0). Platinum
(99,999VO) and osmium (99.8VO) were used as n-
typc and p-type dopants rcspcctivcly. The
iridium powder was first arc-melted into beads,
in order to avoid wci~ht IOSSCS,  and then arc-
rncltcd to~cthcr with silicon. Aflcrwards  crystal
~rowth of the samples was carlicd u s i n g
IIridgman-like fllrnacc. IIotb compounds, Ir3Si5
and IrSi3, are pcritectic and sarnplc preparation
was carrjcd out with silicon rich mchs of 65 and
75 atomic percent silicon, rcspcctivc.ty.

“1’hc density ofthc sarnplcs was dctcrmincd  by
t hc Archi rncdcs met hod where values were
rcpcatablc within 0.5°/0. l)cnsitics  and X-ray
powder patterns were in good a~rccmcnt  with
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prcvicms  results (Allcvato, 1992). l<csistivity
was measured as described clsewhcrc
(McCormack,  1991) by means of the van dcr
l)auw method with tcmpcraturcs  rangirlg from
300 to 1330 K, ncglcctin~  any anisotropy
cflccts. Sccbcck cocfllcicnt  was dctcrmincd  by
an apparatus dcscribcd  by Wood ct al. (1985).
Thermal diffusivity was determined by using a
flash lamp illuminating onc side of the sample
and measuring the time taken for a heat pulse to
pass through a small planar disc of material
(Wood, 1984). Values of thermal conductivity
were t hcn calculated fionl  nlcasurcd  t}lcrlllal
diffisivity, heat capacity and density values.

Results rind Discussion

“1’hc  three compounds IrSi, Ir3Si$  and IrSi3
were subject of the present investigation and
results obtained arc prcscntcd  in Figures 1-4 and
dcscl ibed in the following discussion. Standard
SiGc alloy data (Vining,  1991) arc included for
comparison purposes.
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h’ig. 1. 17icctrical  resistivity  as a function of
lcmpcraturc  f o r  IrSi ([]); undopcd  (+), OS-
dopcd (A) and Pt-doped lr3Si5 (A); a n d
undopcd  (7) and Pt-doped lrSi3 (0).
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l~ig. 2. Sccbcck cocficicnt  as a fl]nction  of
tcmpcraturc  f o r  lrSi (D); unciopcd  (+), os-
dopcd  (A) and l’t-doped lr3Si5  (A); a n d
undopcd  (v) and I’t-doped IrSi3 (~).
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l’ig. 3. “1’hcrmal  conductivity as a function of
tcmpcraturc  fo r  Ir3Si5 (+), lrSi3 (0) a n d
SiGc (.).
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Fig. 4 .  Ilimcnsicmlcss  thcrnmclcctric  frgu[-c
of remit as a f~lnction  of tcmpcraturc  for
undoped  (+), os-dopcci  (A) and P t - d o p e d
lr3Si5  (A); unciopcd  (V) and P(-doped lrSi3
(o); and SiGc (.),

l[Si

‘1’hc compounci  11-Si  showed iow Icsistivity
and aimost no cicpcncicncc  with temper-atu[c
inciic.atins  prot.)abiy the extrinsic region as shown
in l;ig, 1. liven though  a band gap around
O. 12cV was rci)or(cd by Shepherd (1 988), wc
saw no cvidcncc of ti~crmai  activation in cithrx
] csistivity and Sccbcck  rcsL]its.  Mcasurcmcnts  of
the Secbeck tyi)icai  of metals, ranging f rom
about -?.5p V/K to 25p V/K, were obtainccl.
Since rcsistivity  nlcasLlrcnlcnts presented no
nlajc~l-  change with tcnlpcraturc, such smaii
variation in the Sccbcck  were probabiy  not duc
to thermal excitation of carricm.

‘J’hc cicctronic  contribution for the thcmai
conductivity of lrSi can bc estimated considering
the WicdcI~~ar~i~-I~ranz.  law and the resistivity
vaiuc. mcasulcd,  which icads to a minimum value
for the ti~cr-rnai  conductivity of about 0.009
W/cn]-K.  ‘1’hc maximum 7,’1’ vaiuc of 0.042 for
lrSi was estimated from

7.”1’ max‘  Swpxe,.

lr~SiS

A  ciccrcasc in the rcsistivity  of the lr3Si5
compound shown in Fig. 1 was observed when
doped either with osmium or p]atinum. q’hc p-
typc, non-doped lr3Si5 bcconm  intrinsic around
800K and the sample doped with osmium rdlcr
1050K. An estimate of the band gap magnitude,
IIg =- 1 .?.~ 0.2cV, from t h e  S]OpC Eg/2k
indicated in }~ig.  1 was determined using data
from the non-doped sample.

The compound Ir3Si5  presents significant
drop in the Sccbcck  cocfllcicnt  as the material is
doped with osmium and platinum. lixtrapolation
to higher tcmpcratum  from of the plot of the
non-doped and the platinum doped lr3Si5
sampic, anticipate a point where both piots meet
and continllc together. such typicai
semiconductor behavior was aiso described by
Cicbaiic and ]Iuii (1955) for pure siiicon.

‘1’}m thcrmai  conductivity of the compound
Ir3Si5 dcscribcd in Fig. 3 shows measured ciata
w;th vaiucs as iow as 0.02 W/cn)-K, haif the
thcrmai conductivity of standard SiGc. At Iowcr
tcmim aturcs the t hcmai  conciuctivity d r o p s
with incrcasins  tcmpcraturc indicating a strong
iatticc  contribution. ‘1’hc ui~ turn of the thcr-mai
conductivity above 900 K Suggests
semiconductor behavior and rcprcscnts  the
ambipoiar  contribution,

lJigLlrc  4 shows tcmpcraturc dcpcndcnce  of
the dimensionless flg,ure of merit Z.’I’. Standard
SiGc has about five times the Z-I’ vaiuc obtained
by iridium si}icidcs. Results show that
si~nificant doping cfi’ccts were observed in the
lr3Si5 compound and vaiucs  of Sccbcck (100
pV/K to 150pV/K) in the range of typicai useful
thcrmocicctric matcliais were achieved.
Ncvcl-thc]css, doping rcprcscntcd little
improvement in the power factor and figure of
merit, with maximum vaiucs  of 1.9 pW/cnvK2
and 0.072 rcspcctivcly.

!rSi3

“1’hc rcsistivity  of non-doped IrSi~ shows
little dcpcndcnce  with tcmpcraturc  and iics close
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to the values obtained for the metallic ]rSi
compound. Unlike  Ir3Si5, doping  the compound
lr-Si3 with platinum resulted in no chansc on the
Sccbcck coc~cicnt,  su,ggcsting that this clcmcnt
is not an cflcctivc  dopant. Samples were doJ)cd
~~t]l  lcasol)ab]c  an~ounts  of rl~atcria],  about ~O/o,

a n d  fllrlhcr incrctisc  of  the  doJJing  Jcvcl i s
expect cd to have Iittlc  cflcct on the
t}lcrnloclcctric  propel-[its.

IIoth rcsistivity  and Sccbcck  data apJjcar to
bc cxtl-insic but the magnitude of the Sccbcck
mcasurcmnts  arc relatively higher than obtained
for the lrSi and suggests that lrSi3 is not
metallic. l’hc cari-icr  concentration is less than
tyJ)ical  metals and therefore wc believe it is a
semiconductor. IIccausc the intrinsic region was
not observed, no estimate of band gap was
J)ossit)lc.

]1 SiJ has thcrma]  conductivity only s]ight]y
highcl  than standard SiGc, with values above
0.055 W/cm-K, Despite its higher thermal
conductivity, the compound IrSi3 shows a
slightly higher value of Z1’ in comparison to
lr3Si5, but still not significant compared to
SiGc, with power factor as high as 5.2 pW/cm-
k2 ant{ 7,-J’ CIOSC to 0.1.

Conclusio]l

‘1’hc thcl moc]cctric p r o p e r t i e s  o f
scmiconducting  il-idium silicidcs were dctcrmincd
fol the first time. lrSi was shown to bc metallic
and calculated Z“J’ value of 0.042 lies within the
ran~c of cxpcr-imcntal  values obtained for lr3Si5
and IrSi3. osmium  and platinum showed
doping effects on the 1 r3S i5 c o m p o u n d .
1 lowcvcr  platinum doping resulted in no
si~nificant change in the rcsistivity  or Sccbcck
va]ucs of the compound IrSi3. Rcsistivity,
Sccbcck and thermal conductivity measured
J)lOts ShOW features Of C\aSSiCa]  scJnicondLlctor
bc}~avior on both 1r3Si5 and IrSi3.  IIand gap for
t h e  1r3Si5 w a s estimated to bc around
Hg’ 1 .2+ 0.2CV.

‘1’his  study confirmed oL]r hypothesis that
iridium silicidc compounds would exhibit low
thcmal  conductivity values and scmiconducting
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behavior. Unfor (unatcly  f o r  thcrmoclcctric
ajqilications,  the dimensionless fijjurc of nlcrit
z]’ value for the iridium silicidcs hardly cxcccds
0.1. l“hc compound IrSi3 has hi.ghcr  thermal
conductivity in comparison with its neighboring
compound lr3Si5, but still  has slightly higher 7,T
value. It is cxj)cctcd  that alloying and doping
might dccrcasc the thermal conductivity and
improve the figure of merit to some extent, but
z1’ values cxcccding  SiGc appear udikely.

‘I”hc present study identified iridium silicidc
compounds that arc high tcmpcraturc rcfi’actory
semiconductors and for the first time dctcrmincd
valuable information on the doping process,
transport properties and values of 7,1. But in
the specific, case of thcrmoclcctric materials for
space applications they do not rcprcscnt  a major
improvement.

“1’hc work dcscribcd in this paper was carried
out at the Jet l’rojmlsion 1.aboratory,  California
lnstitutc of ‘1’cchnology, under contract with t}~e
National Aeronautics and Space Administration.
l’hc authors wou]d like to thank A, 7,01tan for
tllc hi~h tcmpcraturc thcrma] di~usivity
mcasu rcmcnt.
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